The formation of mossy lithium and lithium dendrites so far prevents the use of lithium metal anodes in lithium ion batteries. To develop solutions for this problem (e.g., electrolyte additives), operando measurement techniques are required to monitor mossy lithium and dendrite formation during electrochemical cycling. Here we present a novel battery cell design that enables operando electron paramagnetic resonance (EPR) spectroscopy. It is shown that time-resolved operando EPR spectroscopy during electrochemical cycling of a lithium-metal/LiFePO 4 (LFP) cell provides unique insights into the lithium plating/dissolution mechanisms, which are consistent with ex situ scanning electron microscopy (SEM) analysis. To demonstrate the viability of the operando EPR method, two cells using different electrolytes were studied. When using an electrolyte containing fluoroethylene carbonate (FEC) additive, a higher reversibility of the lithium anode and reduced formation of micro-structured (mossy/dendritic) lithium were observed.
Introduction
Lithium metal would be an ideal battery anode material due to its high specic capacity (3860 mA h g À1 ) and its very low potential (À3.04 V vs. standard hydrogen electrode), thus enabling outstanding gravimetric energy densities. A lithium metal anode combined with lithium-and manganese-rich layered metal oxide cathodes would enable an energy density increase of Li-ion battery systems by 50% to z300 W h kg À1 system compared to currently used graphite anodes. 1 The development of a reliable lithium anode is especially critical for new cell chemistries, such as Li-Sulfur and Li-Air, in order to realize their potential gravimetric energy densities. [1] [2] [3] [4] According to Sion Power, a leading developer of Li-S batteries, the "generation of porous 'mossy' Li deposits" is one of "two major mechanisms limiting Li-S cycle life". 5 A variety of strategies to "master the Lielectrolyte interface", 6 ranging from ceramic blocking layers [7] [8] [9] and advanced charging procedures 10 to organic or inorganic electrolyte additives, 11, 12 have been investigated with only limited success so far. 13 Despite signicant scientic effort and large investments of battery makers over the last 40 years, the lithium metal anode in combination with liquid electrolytes has not been successfully commercialized 14 (the only exception are liquid solvent free lithium-polymer batteries). This is mainly due to the formation of micro-structured (mossy/dendritic) lithium during battery charge, which reduces cell life due to irreversible electrolyte consumption 15 and also poses a serious safety threat due to the possibility of internal cell shortening. 16, 17 These persistent problems led to the use of graphite as anode material instead of metallic lithium by Sony in 1991, paving the way for modern Li-ion battery technology. 18, 6 Graphite can reversibly intercalate and deintercalate lithium ions, thus enabling excellent cycle life over several thousand cycles. 19 However, the intercalation potential for lithium ions into graphite is very close to the Li/Li + potential, which can cause plating of metallic lithium on the graphite particles if the battery is charged at low temperatures or with high C-rates. [20] [21] [22] [23] [24] [25] [26] Lithium plating on graphite usually takes place in a dendritic morphology and therefore impairs both cell life and safety due to the abovementioned reasons. 25, 27 Accordingly, researchers have tried to nd electrolyte compositions and additives to prevent or at least reduce lithium plating and dendrite formation. [28] [29] [30] Since lithium plating on graphite is partially reversible at open circuit conditions, detailed studies of dendrite formation require operando rather than in situ/ex situ techniques.
Most studies on lithium plating and dendrite formation are based on microscopy techniques. Optical spectroscopy has been successfully applied in both in situ 31, 32 and operando 33, 34 setups but is limited by the low resolution. In contrast, scanning electron microscopy (SEM) shows better resolution but is restricted to polymer electrolyte cells for in situ 35 or operando experiments. 16 At the current stage, there are only very few analytical techniques available that give quantitative or semiquantitative information about the occurrence of micro-structured lithium during cell cycling under operando conditions. In 2010, Bhattacharyya and co-workers introduced electrochemical in situ and operando 7 Li-NMR spectroscopy, 36 which has since then also been used by other groups. 37-39 NMR spectroscopy can provide valuable insights as exemplied by the operando imaging of lithium dendrites by Chandrashekar et al. 37 Still, one disadvantage of operando NMR is the low spectral resolution due to the inability to use magic angle spinning. As another analytical approach that is applicable during electrochemical cell cycling, operando electron magnetic measurements have recently been presented by Gershinsky and co-workers for the investigation of conversion materials such as FeSb 2 . 40 In this work we propose to use operando electron paramagnetic resonance (EPR) spectroscopy as a new analytical technique for the semi-quantitative determination of mossy or dendritic lithium, henceforth referred to as "micro-structured lithium" (as suggested by Bhattacharyya and co-workers 36 ). With EPR spectroscopy, the detection of micro-structured lithium on the anode surface is based on the EPR resonance caused by the conduction electrons in metallic lithium, whereas Li + -ions are EPR inactive. In comparison to NMR spectroscopy, EPR is expected to show a higher sensitivity per unit volume due to the higher gyromagnetic ratio of electron spins and a higher selectivity for dendrite detection due to the roughly ten times smaller skin depth of EPR microwaves in comparison to NMR radiowaves.
A new electrochemical cell setup suitable for operando EPR spectroscopy during electrochemical cycling is introduced. We investigate the morphological changes of a lithium metal anode during cycling of a Li/LiFePO 4 (LFP) cell as case study to demonstrate the capabilities of electrochemical operando EPR spectroscopy. First, our new cell design is validated by a comparison of the electrochemical performance with a standard cell design. Next, the evolution of the EPR resonance of metallic lithium is analyzed using a standard electrolyte with or without uoroethylene carbonate (FEC) additive, which is known to reduce lithium dendrite formation. 29, 30, 41 The results obtained by operando EPR spectroscopy, supported by a detailed EPR lineshape analysis, are conrmed by ex situ scanning electron microscopy (SEM) images.
Materials and methods
Operando cell design Fig. 1 shows a schematic drawing of the operando EPR cell. A coaxial cell design for electrochemical EPR spectroscopy has previously been suggested by Zhuang et al. 42 We use a tubular design with a concentric arrangement of the cell components to meet the geometric constrains of the EPR spectrometer. A central copper wire (1 mm diameter, 99.9%, Alfa Aesar) serves as anode current collector and is wrapped with lithium metal foil (450 mm thickness, 25 mm length, 99.9%, Chemetall, Germany). PTFE heat shrink tubes (Deray PTFE, Autec, Germany) conne the lithium anode on both sides to prevent a short circuit. A glass-ber separator (250 mm thickness, 40 mm length, glass microber lter 691, VWR) is rolled around the lithium anode. The LFP electrode (20 mm length), which is coated directly onto a Celgard separator (C480), is assembled with the separator facing inwards. A helical aluminum wire (0.5 mm diameter, 99.999%, Alfa Aesar) serves as cathode current collector. The cell is enclosed by a quartz glass tube (6 mm outer diameter, 0.5 mm wall thickness, QSIL, Germany). The combination of an electrode coated directly onto the porous separator and the aluminum wire as current collector ensures ionic conduction between anode and cathode without shielding off the microwaves. Electrolyte (500 mL) is added directly onto the glass-ber separator inside the glass tube using an Eppendorf pipette. The cell is sealed on both ends with capillary wax and dried inside the glove box for several hours.
Electrode and electrolyte preparation
The LFP electrodes were prepared by gap bar coating using an ink composed of 80 wt% carbon coated LFP (1 mm, 2.5 wt% C, 15 m 2 g À1 , Clariant), 10 wt% Super C65 (Timcal), 10 wt% PVDF (Kynar HSV900, Arkema) and N-methyl pyrrolidone (99.5%, Sigma-Aldrich) as solvent. The ink was prepared by homogenizing all components in a planetary mixer (ARV-310CE, Thinky) for 20 minutes at 2000 rpm. It was coated either onto a Celgard C480 separator for EPR experiments (250 mm wetlm thickness, loading: z3.9 mg LFP cm À2 ) or onto an aluminum foil for SEM experiments (350 mm wet lm thickness, loading: ca. 5.8 mg LFP cm À2 ). Aer coating and solvent evaporation at 60 C, rectangular electrodes (20 mm Â 7 mm) were cut out with a scalpel or round electrodes (10 mm diameter) were punched out with a precision punch (Hohsen, Japan). The electrodes were dried in dynamic vacuum at 95 C for 12 hours in a glass oven (Büchi, Switzerland). The different LFP loadings for the EPR and SEM experiments are necessary to achieve the same current density (in mA cm Li À2 ) on the lithium anode due to the concentric cell setup of the operando EPR cell. As electrolyte, 1 M lithium hexauorophosphate (LiPF 6 ) in a mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (LP57, BASF) was used either as received or aer the addition of 10 wt% of FEC (Solvay Chemistry). Cell assembly and preparation of SEM samples was carried out inside an argon-lled glove box (MBraun, O 2 and H 2 O less than 0.1 ppm).
Electrochemical testing
Electrochemical testing was done with a VMP3 potentiostat (Bio-Logic, France). Aer at least 12 hours at open circuit, the cells were cycled between 2.0 and 4.2 V vs. Li/Li + . The cells were charged in a CCCV mode (CV step until current dropped to 20% of current for C/5 charge) and discharged galvanostatically with the following cycling procedure: (i) one C/5 cycle (h0.23 mA cm Li À2 ); (ii) one 1C cycle (h1.15 mA cm Li À2 ); (iii) six 3C cycles (h3.45 mA cm Li À2 ); (iv) one C/1.5 cycle (h0.76 mA cm Li À2 ). The C-rate is calculated with respect to the nominal capacity of the LFP electrode and the current density is normalized to the lithium surface area. Notice that the current density (in mA cm À2 ) is higher for the lithium electrode than for the LFP electrode due to the concentric cell design.
SEM experiment
SEM images were recorded on a JEOL JCM-6000 SEM (secondary electron imaging, 15 kV accelerating voltage). The lithium electrodes (17 mm diameter) for the SEM analysis were cycled against LFP electrodes (10 mm diameter) in a custom-made cell described previously. 43 An additional Celgard separator was placed between the lithium anode and the glass-ber separator to prevent damaging the micro-structured lithium surface by the removal of the glass-ber separator, since it typically strongly sticks to the lithium surface aer very few cycles. In contrast, the Celgard separator does not get penetrated by lithium laments within the limited number of cycles used in this study, so that it can be removed without damaging the lithium anode surface. This is conrmed by the absence of hydrogen gas evolution upon immersing the removed Celgard separator into water; the same observation was reported by Gallus et al. 44 Aer cycling, the cells were transferred back into the glove box and the lithium electrode was harvested. The lithium electrodes were washed twice with 500 mL dimethyl carbonate (DMC) in order to remove LiPF 6 and EC residues and dried in vacuum for 15 minutes. The cells were transferred into the SEM using a conductive carbon tape (Plano, Germany) and a sample holder that limited the contact to ambient atmosphere to a few seconds; a short air contact has been reported to have no impact on the microscopic structure of dendritic lithium surfaces. 35 To determine the thickness of the micro-structured lithium layer, a special sample holder was used, in which the lithium electrode was bent down by 90 .
EPR spectroscopy
EPR spectra were recorded on a Bruker ElexSys E-540 continuous-wave (cw) X-band EPR spectrometer, equipped with an ER 4108 TMHS resonator operating at 9.897 GHz. Microwave power was set to 1.00 mW. Sweeps were performed with 5 mT width and a center eld of 353.2 mT. As is common practice, the cw EPR spectra were recorded as rst derivatives of the signal with respect to the external magnetic eld B 0 . The eld modulation frequency was set to 100 kHz, and the modulation amplitude was 0.1 mT. EPR spectra were recorded continuously during cell cycling. Each spectrum took 1 min to record, which represented the temporal resolution of the two-dimensional time-resolved EPR data. The EPR signal caused by Fe 3+ is generally much wider than the signal from metallic Li. 45, 46 It could be suppressed by using a relatively low modulation amplitude and by performing a zeroth order baseline correction.
EPR data analysis
A quantitative analysis of EPR spectra from conduction electrons in metals needs to take the diffusion of electrons in and out of the skin of the conductor into account. 47 Since the phase of the microwave eld used to excite the spins changes as a function of depth into the conductor, the shape of the EPR resonances varies as a function of the geometry and thickness of the conductor. This complicates the quantication of the EPR signal, since the number of contributing spins is not simply proportional to the area under the integrated experimental spectrum, as conventionally assumed for the determination of spin concentrations. 48 An exact quantication requires either a calibration with a set of samples that cover the full range of lineshapes observed experimentally or a theoretical model that can be used to t the experimental resonances. Nonetheless, as long as the signal is dominated by a single resonance and the lineshape does not change drastically, integration of the experimental rst derivative spectrum, followed by the calculation of the area under the obtained spectrum, provides at least a relative measure of changes in the number of spins contributing to the signal. If a lineshape change occurs quickly, the continuity of the signal amplitude can be used as a qualitative test whether a complete recalibration is required. To minimize systematic errors caused by deviations of the cell positioning and orientation in the EPR resonator, the amplitude was normalized to the amplitude of the pristine cell at the beginning of electrochemical cycling. Besides its simplicity, this method has the advantage that it is very robust.
Theoretical expressions for the lineshape of conduction EPR signals have been derived for at plates of various thicknesses d 47 and for spherical metal particles with different radii a. 49 For porous or micro-structured lithium, no theoretical lineshape and amplitude models are currently available. Since the expressions for at plates and for spherical particles agree with each other in the limit of thicknesses and radii that are either very small or very large compared with the skin depth d of the metal, we use an empirical approach, validated by comparison with SEM images at selected positions within the cycling protocol, to relate EPR lineshapes with the dimension of the structures of deposited lithium.
For conductor structures that are much smaller or much bigger than d, the resonance can be represented as a superposition of the absorptive part c 00 and the dispertive part c 0 of the complex susceptibility, 50
where the phase f between the two components characterizes the asymmetry of the resonance. Since conduction EPR resonances are isotropic in the limit of sufficiently high electronic conductivity, c 00 gives rise to a Lorentzian with half width at half height D, located at position B res , and c 0 represents the corresponding dispersion line. Using B res ¼ hn 0 /gb e , where h is Planck's constant, n 0 is the microwave frequency and b e is the Bohr magneton, B res is related to the Landé g factor. Therefore the spectrum can be characterized using only the parameters g, D and f. The experimentally measured rst derivative signal was tted using
where I 0 is the amplitude of the signal, which is assumed to be proportional to the number of contributing spins and an instrumentation-dependent constant factor. In addition, qualitative features of the sample geometry can be deduced from D and f. For
Results

Electrochemistry
The new operando EPR cell design was validated by comparing the voltage proles and the electrochemical performance with our custom made standard cell design with a spring compressed circular electrode stack, which has been described in a previous publication. 43 Fig. 2 shows the initial C/5 and the sixth 3C cycle. The C/5 cycles for all cells (Fig. 2a) show a at voltage plateau around 3.5 V vs. Li/Li + , which is typical for LFP. 52 The polarization is low during charge and discharge for both cell designs, with a slightly lower overpotential for the cell with the FEC additive. The 3C cycles (Fig. 2b) show a signicantly higher overpotential and lower charging capacity for the operando cell design. In the absence of FEC, both the EPR and the standard cell show a second voltage plateau during 3C discharge, which is caused by changing overpotentials of the lithium counter electrode during the rst cycles with higher current density. Fig. 2c compares the rate capability of the operando EPR cells and the standard cell design. They all yield specic capacities of z150 mA h g À1 LFP at C/5. The moderate deviation from the theoretical specic energy of 170 mA h g À1 LFP is within the range that is typically observed in practical LFP cells, [52] [53] [54] [55] [56] particularly since our LFP electrodes were not optimized for high rates. Above C/1.5, the standard cell performs better, still maintaining z130 mA h g À1 LFP at 3C compared to only z100 mA h g À1 LFP for the operando EPR cell. The main reasons for the reduced rate performance of the operando EPR cells are (i) the limited electric contacting of the LFP electrode by the aluminum wire, which increases the ohmic resistance, and (ii) the lack of compression compared to the metal spring compression in the standard cell design. 43 While the limited contact area of the LFP electrode with the current collector might negatively affect the homogeneity of the current distribution at high C-rates, this effect would be the same with and without the FEC additive. Despite these minor shortcomings, our operando EPR cell clearly shows essentially identical cycling behavior at low C rates to that of optimized conventional battery cells. 
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Li-EPR resonance during electrochemical cycling Fig. 3 shows the evolution of the EPR signal and the voltage curves for the cell with standard electrolyte and with FEC additive. The EPR signal shows a signicant difference for both cells already during the rst cycle. With standard electrolyte, the Li EPR intensity increases during charge (hnon-uniform lithium plating) and hardly decreases during discharge (hLi anode dissolution). In contrast, the increase is less pronounced with FEC-containing electrolyte and is completely reversible during the rst cycle. For subsequent cycles at higher C-rates, the EPR signal for the cell with standard electrolyte further increases during every charge without signicantly decreasing during discharge. With FEC-containing electrolyte, the EPR signal also increases during charge, but decreases again during discharge, implying a better reversibility of the anode processes. Still, during the six 3Ccycles the EPR signal does not completely reverse during discharge, thus also causing a steady increase for the cell containing FEC electrolyte. An interesting detail, highlighting the adequate time resolution of the operando EPR technique, is the kink in the EPR signal with decreasing current density during the constant voltage charging step, observed during all six 3Ccharges in FEC electrolyte (see middle panel in Fig. 3 ). At the end of the cycling procedure, the relative EPR signal with standard electrolyte exceeds the signal from the cell with FEC electrolyte by about a factor seven. Fig. 4a -c compare the EPR spectra of the cells without and with FEC additive at different times. Both resonances show the asymmetric shape expected for metallic lithium. The shi of the center of the two lines with respect to each other is caused by a different resonance frequency of the resonator when loaded with the two cells. Both pristine cells at the beginning of cycling show a similar linewidth and a lineshape with f $ p/2. Without additive, linewidth and asymmetry diminish within about 15 min and then remain fairly constant. With FEC additive, the EPR resonance changes signicantly during the rst cycle, but it is essentially reversible. Once charging at an increased rate, the shape of the resonance changes to a width and asymmetry similar to the cell without additives within two minutes.
The result of a least-squares t of the EPR spectra, using a model consisting of two lines according to eqn (2), is shown for the cell with standard electrolyte in Fig. 4d , f and h and for the FEC cell in Fig. 4e , g and i. With a single line, no satisfactory t was possible. Fig. 4d and e show the amplitude of the two components (green and blue) for the two cells, relative to the sum of both amplitudes at the beginning of cycling. These amplitudes are proportional to the number of contributing spins. The width and the asymmetry for both tted signal components are shown as a function of time in Fig. 4f and g and Fig. 4h and i respectively. The two components show different characteristics during the rst charge-discharge cycle for the FEC cell and for the rst few minutes for the cell with standard electrolyte, indicating that these components are caused by two structurally different domains. The narrow component (green color) with D $ 0.1 mT shows a high asymmetry, f $ p/2, which indicates that it is originating from bulk lithium of the anode. The broader component (blue color) with D $ 0.3-0.5 mT and an intermediate asymmetry, f $ p/6, shows a reversible amplitude change by more than a factor two. At the same time the bulk lithium from the anode gets shielded by the additional metal on its surface, causing a signal decrease. Starting with the second cycle for the FEC cell, both linewidths abruptly adjust to a similar value and the amplitudes start to progress synchronously. The same effect is observed more gradually right from the beginning of cycling for the cell with standard electrolyte. This indicates that from that point, a distribution of f rather than multiple distinct components is causing the observed lineshape.
During the rst cycle for the cell with FEC additive and during the rst few minutes for the cell with standard electrolyte, the asymmetry of the two components varies noticeably, albeit not drastically, and the two amplitudes are not changing synchronously, hence the area of the integrated signal does not lead to quantitative information about the relative number of spins contributing to the signal. Nonetheless, since the signal amplitude is dominated by the broader of the two components (which is not the visually dominant feature in Fig. 4a ), the signal amplitudes as obtained by integration and by tting differ from each other by less than 20%. For subsequent cycles, the lineshapes vary only weakly such that the relative amplitude changes obtained from calculating the area under the integrated experimental spectrum can be taken as semi-quantitative. Therefore this simple and robust method is suitable to quantify the relative growth of the porous layer of metallic lithium on top of the lithium anode during electrochemical cycling.
SEM images
SEM images of cycled lithium electrodes, shown in Fig. 5 and 6 , were recorded aer the C/5-cycle (position SEM1 in Fig. 3 ) and aer the sixth 3C-cycle (position SEM2 in Fig. 3 ).
Aer the rst cycle (SEM1), differences on the lithium electrode surface can already be detected by eye, as shown in the two insets in Fig. 5a and c. Note that one must only consider the central part of the lithium electrodes, as the LFP counter electrode has a smaller diameter than the lithium electrode (10 mm vs. 17 mm). The electrode containing standard electrolyte is partially covered by micro-structured lithium, which clearly protrudes from the electrode surface (Fig. 5a ). The electrode containing FEC electrolyte shows black spots with hardly any three dimensional structure. According to the SEM images, at some of these black spots there is still a very thin layer of residual micro-structured lithium grouped around holes in the dense lithium surface. At other sites, the micro-structured lithium had dissolved completely, leaving behind bare holes. In contrast, the micro-structured lithium layer is thick and intact in the standard electrolyte. At some sites the micro-structured lithium layer was slightly damaged during the SEM sample preparation, revealing holes that would otherwise be covered by the micro-structured lithium lm. Several other groups have also reported the occurrence of similar holes on cycled lithium electrodes. 38, [57] [58] [59] Aer the sixth 3C cycle (SEM2), both electrodes were covered with a thick lm of micro-structured lithium. To compare the amount of micro-structured lithium, SEM images were taken from electrodes that had been bent down 90 to expose the cross section of the micro-structured layer, as shown in Fig. 5b and d . Based on these images, the thickness of the micro-structured lm was determined to be 66 AE 5 mm with the standard electrolyte and 20 AE 2 mm with the FEC additive.
In the electrode cycled with FEC electrolyte, discrete and uniformly shaped holes with a diameter of about 10 mm could be observed in the cracks (Fig. 5d ), whereas the rest of the lithium surface appears to be unchanged. In contrast, the underlying lithium surface in the standard electrolyte was very inhomogeneous and rough, containing large holes and canyonlike structures (not visible in Fig. 5b) .
The holes in the lithium anode surface seem to affect the growth of micro-structured lithium, which is supported by two further observations: Fig. 6a shows three holes and a thin layer of residual micro-structured lithium aer the rst C/5-cycle in FEC electrolyte. It can clearly be seen that the micro-structured lithium grows out of the hole and then spreads over the lithium surface. This mechanism is also consistent with Fig. 6b , where part of the micro-structured lithium lm had been separated during SEM sample preparation but was still attached to the electrode, thus revealing its lower side. The lithium particles on the lower side are arranged in the exact same pattern as the holes on the corresponding lithium surface. This further conrms that the micro-structured lithium layer is only connected to the underlying lithium surface by a few contact points This journal is © The Royal Society of Chemistry 2015
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Energy & Environmental Science through the holes. Limited contact between the micro-structured lithium layer and the underlying lithium surface has already been reported in 1990 by Yamaki et al. 60 and has also been observed more recently by Orsini et al. 35 and by Steiger et al. 34 on cross section SEM images. The porosity of microstructured lithium is depicted in Fig. 6c with an increased resolution, showing that the pore wall dimensions are in the sub-micrometer range. Very similar structures of the microstructured lithium layer have been previously reported by other groups. 37, 57 Discussion
Interpretation of EPR results
The microwave irradiation used to induce electron spin transitions is subject to a nite penetration depth into the 'bulk' lithium-metal anode owing to the skin effect. At 9.5 GHz, the skin depth is d z 1.1 mm, 61, 62 which is two orders of magnitude smaller than the thickness of the Li anode. Only a small fraction of the Li metal is contributing to the EPR signal, which is therefore proportional to the surface area of the lithium anode rather than to its volume. If, during charging, more lithium is deposited smoothly on the anode, the signal does not change appreciably. The experimentally observed amplitude change can be caused by an increase of the Li metal surface area or by a reduction of the electrical conductivity, which would increase d. The latter would also cause a signicant lineshape change. This is neither observed for the cell without additives aer the rst few minutes nor during fast cycling for the FEC cell, therefore it is anticipated that the EPR signal largely scales with the surface area. The formation of lithium micro-structures (mossy/ dendritic) with a thickness of about 1-2 mm, which is comparable to d, has been reported 35 and was observed in the SEM images ( Fig. 6c) , with pore wall diameters at least an order of magnitude smaller. Hence the newly formed surface microstructures are penetrated by the microwave eld and, due to the increased surface area and supported by the growth direction perpendicular to the magnetic microwave eld lines, contribute to the observed EPR signal increase. The formation of lithium micro-structures is further supported by the change of the line asymmetry from f $ p/2 for the pristine cell, which originates from lithium metal that is much thicker than d, to f $ 0 during cell cycling, which indicates a thickness of the micro-structure walls smaller than d. 51 The rate of the linewidth change for the FEC cell at the beginning of the 1C cycle shows an approximately ve times higher value than the rate for the cell with standard electrolyte at the beginning of the C/5 cycle. This indicates that although the FEC cell is more robust toward the formation of microstructured lithium, once it starts to build, it becomes the dominant form of lithium deposition. This micro-structured lithium could be considered non-locally as surface lithium with an increased time T D it takes a spin to diffuse through the skin depth. The result would be a decreased linewidth and an increased line symmetry, 49 as observed for the FEC cell aer the rst cycle and for the cell without additives quickly aer starting the initial charging. Furthermore, when electrical contact is lost, the porous surface would behave more like isolated lithium metal with small dimensions. Corresponding line widths have been reported to narrow substantially, depending on the size of the structure. 63 
Comparing EPR and SEM results
For the two electrolytes, both operando EPR spectroscopy and ex situ SEM analysis reveal a different lithium plating/stripping behavior already during the rst cycle, which is caused by the improved properties of the solid/electrolyte interface (SEI) in the FEC-containing electrolyte. The FEC additive is known to be reduced and polymerize at lithium potential, thus forming a very exible SEI layer. 29, 30, 41, 64 The latter was supported by a recent study on the chemical composition of the surface lm formed on silicon anodes in the presence of FEC by Markevich et al. 64 Besides an improved mechanical exibility, the SEI formed in FEC-containing electrolytes also has an increased ionic conductivity, 30 which results in a more homogeneous current distribution. 15, 58, 65 As a consequence, lithium plating in the FEC-containing electrolyte can be expected to occur rather homogeneously in comparison to the standard electrolyte, which is reected by the less pronounced increase of the EPR signal and the continuously large linewidth during the rst charge. Because of the homogeneous and rather compact lithium deposition according to the moderate increase of the EPR signal, most lithium plated during rst charge is stripped during rst discharge and the EPR signal returns to its initial value aer the rst cycle for the FEC-containing cell.
In contrast, the SEI that forms in the standard carbonatebased electrolyte mainly consists of lithium salts (such as LiF, Li 2 CO 3 and Li 2 O) formed by irreversible electrolyte reduction. 66 Due to its composition the SEI shows poor adhesion to the lithium surface and cannot withstand signicant volume changes. 15 Accordingly, already during rst charge the nonuniform lithium deposition and the corresponding volumetric expansion results in mechanical stress on the SEI at sites of preferred lithium plating; this causes the SEI to break, and fresh lithium is exposed to the electrolyte. Although fresh lithium has been shown to react with the electrolyte within seconds, 67 the new SEI on the exposed lithium is thinner than on the rest of the electrode. Further lithium deposition will therefore preferentially take place at these sites, causing the growth of microstructured (mossy/dendritic) lithium during the rst charge. During the subsequent discharge, the EPR signal hardly decreases in the standard electrolyte, which is consistent with SEM images showing a signicant amount of residual microstructured lithium aer the rst cycle. This is due to the dissolution of 'bulk' lithium from the lithium anode, while the main part of the micro-structured lithium is not dissolved.
The dissolution of bulk lithium rather than micro-structured lithium is a direct consequence of the limited contact points between the micro-structured lithium layer and the underlying lithium anode, as shown in Fig. 6b . If the contact points dissolve during discharge before all the micro-structured lithium has been oxidized, the micro-structured lithium layer loses electric contact to the anode and becomes electrochemically inactive, forming so called 'dead lithium'. 57 This mechanism, which is also consistent with the EPR data, is in very good agreement with recent results published by Steiger et al., who follow the development of micro-structured lithium by optical microscopy and also observe limited contact points ("stems") as previously mentioned. 34 The occurrence of non-uniform lithium plating during the rst cycle is in accordance with literature. In our experiments, the geometric current density during the initial C/5 cycle was 0.23 mA cm À2 Li . Several other groups have also reported nonuniform lithium plating (dendrites, moss or particles) at similar 11, 59, 68 or even lower 33 current densities in liquid electrolytes without lm-forming additives. Stark el al. observed the formation of discrete lithium particles already during the rst couple of seconds of lithium plating in EC/DMC electrolyte, 12 which is consistent with the instantaneous increase of the EPR signal on the rst charge.
During subsequent cycles the increased current density causes an accumulation of micro-structured lithium in both electrolytes as consistently shown by the increasing EPR signal and by SEM images. It is generally accepted that an increase in charging current density also enhances the formation of microstructured lithium. 35, 58, 59, 65 The lithium plating/stripping process seems to be almost completely irreversible during cell cycling with standard electrolyte due to the lack of EPR signal decrease during discharge phases, whereas it is at least partially reversible with the FEC containing electrolyte. The similarity of the linewidth and asymmetry for the two cells at faster cycling rates indicates that the build-up of the signal-inducing lithium structure is similar for both cells, but the decrease during discharge proceeds differently.
The growth of the micro-structured lithium layer during cycling takes place at the interface with the metallic lithium anode, where new lithium micro-structures growing out of the holes pushes away the old layer of micro-structured lithium. 34 This preferential lithium plating on the lithium metal surface is favored over lithium plating on top of the micro-structured layer due to the poor electronic conductivity of the latter.
Conclusions
An operando EPR cell was developed to perform EPR spectroscopy during electrochemical cycling. These measurements provided time-resolved semi-quantitative information about the plating and stripping of metallic lithium on lithium-metal anodes, which is particularly useful for investigating the formation of micro-structured lithium (mossy/dendritic). The method is complementary to optical and electron microscopic techniques that have their strength in monitoring the morphology of the electrode surface in turn.
The potential of operando EPR was explored by comparing two cells, the rst one containing a standard electrolyte and the other one with an FEC additive to the electrolyte that is known to reduce the formation of micro-structured lithium (mossy/ dendritic). Based on the EPR signal intensity and lineshape, it was shown that lithium deposition during electrochemical cell cycling was much more reversible when using FEC additive. The EPR results were conrmed by ex situ SEM images that were recorded at selected positions using identically cycled cells.
Owing to the high sensitivity of the EPR technique, already the early stages of the formation of lithium micro-structures in lithium batteries could be monitored. As compared to operando NMR, 36 the EPR experiment is considerably more sensitive, and since microwave frequencies instead of radiofrequencies are used, the skin depth is signicantly smaller. Therefore EPR excites a thinner layer on the lithium metal surface, providing information with higher surface localization.
The presented interpretation of operando EPR data was based on the empirical extension of theoretical ndings that for at surfaces and for spherical particles of analogous dimensions the same lineshapes are observed. In addition, very characteristic lineshape changes are observed when going from structures that are large to structures that are small compared with the skin depth of the microwave eld used to excite the spins. It was deduced, supported by SEM images, that the same qualitative lineshape changes are observed when changing from a smooth lithium anode with a thickness much larger than the skin depth to porous lithium with wall thickness smaller than the skin depth. In principle, it should be possible to interpret the data quantitatively. A suitable procedure was sketched, yet theoretical expressions of conduction EPR signals from porous metallic lithium must rst be derived.
